Thyroid dysfunction is a frequently found endocrine disorder among reproductively aged women. Subclinical hypothyroidism is the most common condition of thyroid disorders during pregnancy and is defined as manifesting a thyroid-stimulating hormone concentration exceeding the trimester-specific reference value, with a normal free thyroxine concentration. Here, we evaluated the prospective association between spontaneous miscarriage and first-trimester thyroid function. We conducted a case-control study (421 cases and 1684 controls) that was nested. Thyroid-stimulating hormone (TSH), free thyroxine (FT 4 ), thyroid-peroxidase antibody (TPOAb) and thyroglobulin antibody (TgAb) status were measured. We found that higher TSH was related to spontaneous miscarriage (OR 1.21; 95% CI, 1.13-1.30, P < 0.001). Compared with women with TSH levels of 0.4-<2.5 mIU/L, the risk of miscarriage was increased in women with TSH levels of 2.5-<4.87 mIU/L (OR 1.47; 95% CI, 1.16-1.87) and TSH greater than 4.87 mIU/L (OR 1.97; 95% CI, 1.22-3.18). After controlling for the confounding factor, TPOAb positivity status and FT 4 , the results were similar. The present study showed that higher TSH was associated with miscarriage in early pregnancy. In fact, TSH levels between 2.5 and 4.87 mIU/L increased the risk for miscarriage, with TSH greater than 4.87 mIU/L increasing the risk even further.
Introduction
Thyroid dysfunction is a common endocrine disorder among reproductively aged women (1) , with a morbidity of 2-3%. Subclinical hypothyroidism (SCH) is the most common condition of thyroid disorders during pregnancy (2) and is defined as manifesting a thyroid-stimulating hormone (TSH) concentration exceeding the trimesterspecific reference value, with a normal free thyroxine (FT 4 ) concentration. However, because of the lack of specific clinical symptoms, SCH is often ignored.
The fetus does not produce its own thyroid hormone until weeks 10-12 of gestation; before that, the fetus is dependent upon maternal T 4 that crosses the placenta. Due to the lack of thyroid hormone availability, SCH may be associated with adverse maternal outcomes and perinatal complications (3, 4, 5) and impaired neurodevelopment in the offspring (6) . A meta-analysis showed that SCH in early pregnancy, compared with normal thyroid function was associated with the occurrence of preeclampsia and an increased risk of perinatal mortality, but not with miscarriage (7) . However, recent studies have reported that SCH during pregnancy was associated with miscarriage (8, 9, 10, 11) , and higher maternal TSH levels have been detected in women who miscarried compared to unaffected women (12, 13, 14, 15, 16) . Therefore, it still remains controversial as to whether SCH is associated with the risk of miscarriage.
In China, spontaneous miscarriage is increasingly observed in pregnant Chinese women. We conducted a matched nested case-control study based on the Subclinical Hypothyroid in Early Pregnancy Study which was described previously (17) , in order to examine the occurrence of miscarriage in relationship to TSH levels in early pregnancy. In the 2011 American Thyroid Association (ATA) guidelines, reference range for TSH during pregnancy was 0.1-2.5 mIU/L in the first trimester (2) . However, according to suggestion of National Academy of Clinical Biochemistry we established the gestation-specific TSH reference range by selecting healthy TPOAb-negative pregnant women with optimal iodine intake and without thyroid illness. We found that upper reference limit for serum TSH concentration in our laboratory in the first trimester was 4.87 mIU/L (17), based on the evidence stated in the ATA guidelines (2017) (18) . We analyzed the association of miscarriage with different TSH levels in the present nested case-control study.
Subjects and methods

Subjects
The present investigation was nested within a large-scale population-based study that was begun in three cities in Liaoning Province in China. Unselected pregnant women who attended the Gynecology and Obstetrics clinics in 13 hospitals for their first obstetric visit were recruited between May 2011 and March 2013. These areas were iodine sufficient.
Recruitment criteria included residing in the city for more than 10 years, being between 19 and 40 years old, and having a singleton pregnancy at 4-9 weeks of gestation. Gestational age was determined by last menstruation period and ultrasound of fetus. Exclusion criteria applied to multiple pregnancies, patients with thyroid disease history, diabetes, abnormal liver enzymes and any other chronic diseases, and patients on oral contraceptive regimens or any medical regimens that may affect thyroid function, such as glucocorticoids, dopamine, antiepileptic drugs, anticoagulant therapy, treatment with tricyclics or selective serotonin reuptake inhibitors (SSRIs). All subjects were asked to complete a questionnaire, and their BMI, blood pressure, FT 4 , TSH, thyroglobulin antibody (TgAb) and thyroid-peroxidase antibody (TPOAb) were measured.
On this basis, 6516 intrauterine pregnancy women during 4-9 weeks of gestation with a singleton pregnancy were selected as the cohort. We lost contact with 387 of the women. We then carried out a nested case-control study within the remaining cohort. Miscarriage was defined as spontaneous pregnancy loss occurring before 20-week gestation (19) . Miscarriage was recorded after ultrasonographic confirmation or histologic evidence of curettage. The control group patients were 1:4 paired with residence, gestation weeks, age (±1 year) and BMI, by individual. Of these 6129 pregnant women, 442 pregnancies ended in spontaneous miscarriage, and 21 cases failed to match. Thus, 421 women were selected as the case group and 1684 as the control group. Forty and seventy-seven women had a history of smoking and of alcohol consumption, they all quit the habit during pregnancy.
Methods
All subjects signed consent forms to participate in the study. All participants were followed with an ultrasound examination and thyroid function tests at the endocrine clinics each month. Samples of urine and blood were obtained from each participant in the morning after an overnight fast. All specimens were frozen at −20°C until shipment and assayed as soon as possible.
Serum FT 4 , TSH, TPOAb and TgAb were measured in all participants using the electrochemiluminescence immunoassay with Cobas Elesys 601 (Roche Diagnostics). The intra-assay coefficients of variation for serum FT 4 , TSH, TPOAb and TgAb were 1.57-4.12%, 2.24-6.33%, 2.42-5.63% and 1.3-4.9%, respectively. The interassay coefficients of variation were 1.26-5.76%, 4.53-8.23%, 5.23-8.16% and 2.1-6.9%, respectively. The laboratory reference ranges of TPOAb were 0-34 IU/mL, and TgAb were 0-115 IU/mL. Because TSH is not normally distributed in our data, we used SPSS software to convert TSH into a normal distribution. According to the normal score of TSH using Blom's formula, we excluded the values of TSH ≥15.29 mIU/L or TSH ≤0.005 mIU/L. The subjects were divided into four categories according to TSH levels: (1) less than 0.4 mIU/L, (2) 0.4-<2.5 mIU/L, (3) 2.5-<4.87 mIU/L and (4) greater than 4.87 mIU/L.
Statistical analyses
The data are presented as mean ± standard deviation (s.d.) if they show a normal distribution; otherwise, the median and interquartile range (IQR) were used. All statistical analyses were performed with SPSS, version 20.0 software (IBM). Comparison between case and control groups was by chi-square test for categorical variables and by non-parametric test for continuous variables. Logistic regression analysis was used for univariate analysis. A P value of <0.05 was considered to be significant. The Mantel-Haenszel method was used for stratified analysis. Results were presented as odds ratio (OR) and 95% confidence intervals (95% CI).
Ethics committee approval
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Results
Maternal demographic characteristics and thyroid function
Maternal demographic characteristics of the case and control groups are shown in Table 1 . No significant differences were observed between the two groups in the following parameters: median maternal age, gestational age, BMI, smoking history, alcohol consumption, history of miscarriage and family history of thyroid disease, high blood pressure. Serum TSH levels were significantly higher in the case group compared to the control group (2.21 mIU/L IQR 0.25-6.65 vs 1.77 mIU/L IQR 0.15-5.66, respectively; P < 0.001). In TPOAb-negative women, serum TSH levels were significantly higher in the case group compared to the control group (2.39 mIU/L IQR 0.27-5.80 vs 2.02 mIU/L IQR 0.19-4.93, respectively; P < 0.001). After additional exclusion of TgAb-positive women, TSH levels were also higher in the case group compared to the control group (2.36 mIU/L IQR 0.33-5.69 vs 1.94 mIU/L IQR 0.21-4.78, respectively; P < 0.001). No significant differences in FT 4 levels, TPOAb and TgAb were observed between the two groups ( Table 1) .
Gestational age when the miscarriages occurred
Among the 421 women with a miscarriage, the median gestational age at miscarriage was 10 weeks, IQR 8-12 weeks. In the group with TSH levels <0.1 mUI/L, a spontaneous miscarriage occurred later than in the other three groups (TSH levels <0.1 mIU/L vs 0.1-<2.50 mIU/L vs 2.50-<4.87 mIU/L vs greater than 4.87 mIU/L: 14 weeks IQR 9-19 vs 10 weeks IQR 8-12 vs 9 weeks IQR 8-11 vs 9 weeks IQR 8-12, respectively).
Logistic regression analysis
The results of the logistic regression analysis are displayed in Table 2 . TSH level was a risk factor for spontaneous miscarriage (OR, 1.21; 95% CI, 1.13-1.30, P < 0.001). However, the association of FT 4 (OR, 1.00; 95% CI, 0.97-1.04, P = 0.86), TPOAb (OR, 1.25; 95% CI, 0.88-1.78, P = 0.215) and TgAb (OR, 1.00; 95% CI, 0.73-1.37, P = 0.993) with miscarriage was not significant in the analysis.
Miscarriage outcomes by first-trimester TSH
Compared with TSH levels between 0.4 and 2.5 mIU/L, a clear increase in the odds of miscarriage was observed with TSH levels between 2.5 and 4.87 mIU/L (OR 1.47; 95% CI, 1.16-1.87, P = 0.001), with the greater impact observed with TSH levels greater than 4.87 mIU/L (OR, 1.97; 95% CI, 1.22-3.18, P = 0.006) ( Table 3 ). Individuals with TSH less than 0.4 mIU/L had an OR with respect to miscarriage of less than 1, but this was not statistically significant. After controlling for the confounding factor age, alcohol consumption, smoking status, BMI, history of miscarriage and high blood pressure, the results were similar (OR 1.48; 95% CI, 1.17-1.88, P = 0.001, OR 1.99; 95% CI, 1.23-3.22, P = 0.005, respectively). After controlling for FT 4 and in TPOAb-negative women only, the risks of miscarriage were increased (Tables 3 and 4 ). Where TSH was stratified by quintiles, results are given in Tables 5 and 6 .
Discussion
The current study was performed to gain insight into the impact of TSH levels on spontaneous miscarriage. We found that TSH levels between 2.5 and 4.87 mIU/L were correlated with increased risk of miscarriage (OR = 1.47). In addition, TSH levels above the upper limit of the gestation-specific reference range (≥4.87 mIU/L) increased the risk even further (OR = 1.97). This is an important finding to discuss, because according to the upper limit of TSH (which was 2.5 mIU/L), 27.8% pregnancies would be diagnosed with SCH in our study (8, 17) . Whether these women suffered from other adverse obstetric outcomes, such as fetal growth restriction and postpartum hemorrhage, requires further analysis. Although the correlations between TSH levels and spontaneous miscarriage have been reported worldwide, the conclusions are controversial (8, 9, 12, 13, 14, 20, 21) . Inter-study differences may be caused by study design, sample size or varying demographics. The majority of these studies were derived using a gestational age of 7-12 weeks; however, spontaneous miscarriage could occur before 7 weeks. Given the previous one-child-per-family policy in China, many pregnant women visit clinics before 8 weeks of gestation for prenatal care, some even before 6 weeks. Therefore, we chose pregnant women whose first visit was between 4 and 9 gestational weeks, and thus, we were able to evaluate whether high early-pregnancy TSH levels would increase the risks for spontaneous miscarriage. Early levothyroxine treatment, then, may reduce the risk of miscarriage (16) .
This study was a nested case-control study, and data were obtained before the occurrence of disease, so there had less recall bias. Members in the cohort had the same exposure time, so the statistical and test effectiveness were higher than those in the traditional case-control study. Furthermore, we matched the control and case groups with residence, number of gestational weeks, age and BMI in order to increase the effectiveness of the study. After controlling for these factors, the effects of TSH levels on spontaneous miscarriage were obvious. We also took into consideration alcohol consumption, smoking status, history of miscarriage and TPOAb positivity status, as TPOAb-positive pregnant women are generally considered to have a higher risk for premature delivery and miscarriage (22, 23, 24, 25) , and elevated serum TPOAb levels are associated with higher TSH and lower T 4 values (26) .
An increasing number of studies suggest that SCH is associated with spontaneous abortion. However, the underlying mechanism is not clear. Despite the normal serum FT 4 in SCH patients, thyroid hormone shortage in the tissues may be the cause of miscarriage. TSH can increase the expression of LIF and its receptor LIFR in endometrial stromal cells, stimulation expression of glucose transporter (GLUT1) in the Ishikawa cell line, which is further involved in endometrial glucose transport (27) . Other studies have found the mirrorimage symmetry relation between thyrotropin (TSH) and human chorionic gonadotropin levels. A decrease in HCG concentration can lead to miscarriage.
However, this study has several limitations. First, it lacks data on some potential confounding factors such as environmental toxins, irregular menstruation, family history of miscarriage and anti-phospholipid antibodies. Second, chromosomal anomalies and HCG values were not evaluated. Third, matched case-control study wastes some data and reduces the amount of statistical information. Fourth, this study may lead to measurement bias or omission.
In conclusion, we found that pregnant women with elevated TSH levels had an increased risk of miscarriage in early pregnancy. In fact, TSH levels between 2.5 and 4.87 mIU/L increased the risk for miscarriage, with TSH greater than 4.87 mIU/L increasing the risk even further.
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